Complete immunoglobulin (Ig) and T cell receptor (TCR) genes are generated by developmentally controlled DNA rearrangement referred to as V(D)J recombination or V(D)J joining (1) . V(D)J recombination has been thought to be restricted to lymphoid cells and, until recently, there had been no evidence that recombination signal sequence (RSS)-mediated recombination of non-Ig or non-TCR genes occurred during normal vertebrate development. However, it had been speculated that this or similar types of somatic DNA rearrangement might play a role in mammalian cell differentiation (2) . Interest in this hypothesis was refueled by the report that RAG-I transcripts were present, albeit in low numbers, in the central nervous system (3) . Furthermore, it was reported that somatic recombination was detectable in the brains (4) of Tg mice that harbored a V(D)J recombination substrate. A second study (5) reported a small amount of V(D)J recombination in the brain, but this was attributed to lymphocyte contamination. We had independently constructed similar Tg mice whose initial analysis (6) generated data consistent with the occurrence of V(D)J recombination in the brain. However, further analysis has led us to a different interpretation of that data.
In order to prepare a Tg V(D)J recombination substrate, we constructed a plasmid pSPH-1 (7) . This plasmid contained the transcriptional promoter and enhancer of the mouse phosphoglycerate kinase-1 gene (pgk-1) (8), a pair of RSSs derived from the Ig VK21C and JLI gene segments (9), and a reporter gene lacZ encoding bacterial P-galactosidase. The reporter gene lacZ was placed in an orientation opposite to that of the promoter so that RSS-mediated inversional recombination would activate its expression (Fig. 1 ). Cells expressing lacZ can be detected histochemically after staining with X-gal. Alternatively, inversional recombination can be detected more directly at the molecular level by the polymerase chain reaction (PCR) method (10) with the use of appropriate primers. We used both of these methods.
We generated Tg mice by injecting the pSPH1 insert into C57BL/6J zygotes (l 1). We analyzed the heterozygous progeny of five Tg lines (1-7, 1-20, 1-21, 1-28, and 1-39) for expression of 3-galactosidase activity by histochemistry (12). Liver sections of all Tg lines were negative for 0-galactosidase activity. We observed considerable enzyme activity in kidney, spleen, and thymus sections, but also in the non-Tg litter-404 mates (presumably because of endogenous ,-galactosidase activity). We observed ,B-galactosidase activity in the brain of two of the five Tg lines, 1-7 ( Fig. 2 ) and 1-20; we saw no such activity in non-Tg littermates. Regions of the brain in which we saw intense ,-galactosidase activity in the Tg line 1-7 (Fig. 2) include the hippocampus (the dentate gyrus and the CA1 and CA3 fields), the cerebral cortex (especially the superficial layers), the superior colliculus (upper layers), nuclei of the dorsal tegmentum, and the cerebellum (especially its molecular and Purkinje cell layers). Sparse ,-galactosidase activity also appeared in other sites ( Fig. 2A) . There was low expression in the striatum and in much of the thalamus. In Tg line 1-20, we observed a roughly similar pattern of X-gal staining, but the staining was weak. In both lines, the X-gal staining was region-specific. Cells with P-galactosidase activity appeared to be neurons in both Tg lines. The staining appeared to be limited to a small (2 to 5 jim), eccentrically located compartment of the cytoplasm (Fig. 2, C In order to test whether RSS-mediated inversion had occurred in some tissues of the Tg mice, we analyzed genomic DNA by PCR using primers 1 and 2 ( Fig. 1) . If the Tg RSSs underwent an inversional V(D)J recombination, a 328-bp DNA fragment containing the joined RSSs would be generated by PCR (Fig. 1) . The predicted 328-bp product was observed with the DNA isolated from the thymus of the Tg line 1-7, but not with that from non-Tg mice or from any of the other four Tg lines (1-20, 1-21, 1-28, and 1-39) (Fig. 3A) . We cloned the 328-bp fragment and determined its nucleotide sequence. It contained the precisely head-to-head joined Tg RSSs. We analyzed DNA isolated from additional tissues of each Tg line, but none of the tissues derived from any Tg lines other than line 1-7 produced the 328-bp DNA fragment. In line 1-7, only spleen and thymus produced the 328-bp DNA fragment; and liver, cerebral cortex, ovary, muscle, kidney, and lung were negative (Figs. 3, B and C). We also analyzed DNA isolated from cerebral cortex and hippocampus of line 1-7, regions in which 3-galactosidase-positive cells were abundant (Fig. 2) and DNA isolated from the striatum, where those cells were rare (Fig. 2) . We did not detect the 328-bp DNA fragment in these tissues (Figs. 3, B and C).
We estimated the sensitivity of this PCR assay for the detection of V(D)J recombination by analyzing a fixed amount of nonTg thymus DNA mixed with different amounts of Tg (line 1-7) thymus DNA (Fig. 3C) . The 328-bp DNA fragment was detectable in DNA samples in which the Tg thymus DNA constituted only 1 part in 1000 of the total DNA. As only a fraction of the thymus cells from the Tg mice would have undergone RSS-mediated recombination, these data indicate that the sensitivity of the PCR method is at least 1 in 1000 cells. In some parts of the brain the proportion of P-galactosidase-positive cells among total nucleated cells far exceeded the sensitivity of the PCR method. For instance, we estimated their proportion in the cerebral cortex to be 1 to 10% (13), a figure at least one to two orders of magnitude greater than the PCR detection limit. We therefore conclude that the majority of P-galactosidase-positive cells observed did not result from RSS-mediated inversion. We also analyzed the absolute sensitivity of this PCR assay by carrying out a reconstitution experiment (14) in which different amounts of plasmid DNA containing pgk-1 promoter (Fig. 4) , one (1-2) produced sequences that started at RSS-B (Fig. 1 ). This cDNA did not indicate whether the reporter lacZ gene was rearranged. On the other hand, the sequence of each of the remaining eight cDNA clones began farther upstream, and six of these began within the pgk-1 promoter. The promoter was used in
Transgenic line [1] [2] [3] [4] [5] [6] [7] Non-transgenic (24) with primers 5 and 6 ( Fig. 1) , and then 10% of the PCR products was separated and examined by Southern blotting as in (A).
32P-labeled oligonucleotide 13 (5'-GTCCAAACTCATCAATGTATCTT-3') was used as a hybridization probe. PCR analysis was also performed with j-actin-specific primers 11 (5'-GGATGCA-GAAGGAGAT TACT-3') and 12 (5'-AAAACGCAGCTCAGTAACAG-3') under the same conditions in order to establish that equivalent amounts of cDNA were present in the two samples (right). An agarose gel stained with ethidium bromide is illustrated.
the orientation opposite to the conventional one, and no RSS-A sequence was present on these cDNA's adjacent to the RSS-B sequences, which would be expected if the cDNA had been derived from mRNAs transcribed from the inverted lacZ gene (Fig. 1) . It is likely that these cDNA sequences were derived from mRNAs that were transcribed from the unrearranged lacZ gene by using, in the backward orientation, the pgk-1 promoter of the adjacently inserted plasmid copy (Fig. 4) . The Tg line 1-7 contains about ten such tandemly integrated copies of the plasmid. Bidirectional activity of promoters of some eukaryotic housekeeping genes, including the human pgk-1 promoter, has been reported (16), but the cell type and tissue-specific regulation of the "backward" transcription has been unknown. The patterns of Tg 3-galactosidase (lacZ) expression that we found in the brains of the Tg mice appear to reflect, at least in part, such regulation. The lack of V(D)J recombination of the Tg substrate in the brain may have resulted from either a lack of recombinase activity or an inaccessibility of the substrate. The latter condition seems to be correlated with the absence of transcripts (17) . Our ability to clone the cDNA of lacZ mRNA from the brain of the Tg line 1-7 suggested that the Tg substrate is accessible in this organ, but there nevertheless remained the possibility that the level of lacZ transcription was insufficient for V(D)J recombination to occur. We therefore used a PCR assay with a relatively low number of reaction cycles (that is, 30) in order to compare the levels of lacZ transcription in the brain and the spleen of Tg line 1-7. We found the transgene to be transcribed more strongly in the brain than in the spleen (Fig. 3D) . These data reinforce the argument that the lack of V(D)J recombination in the brain does not result from the inaccessibility of substrate, although we cannot rule out the possibility that the transgene is inaccessible in restricted regions or during developmental stages of the nervous system where or when V(D)J recombinase is available.
Although we focus on a single transgenic line in this study, we believe our conclusions are valid because in this line V(D)J recombination does take place in the lymphoid organs, and therefore the transgene present in this line is fully capable of undergoing V(D)J recombination. We, of course, do not rule out the possibility that a small fraction of the P-galactosidase-positive cells did undergo V(D)J recombination at a frequency that was smaller than the detection limit of the PCR assay. However, this does not change our conclusion that evidence for somatic V(D)J recombination in the brain, if any indeed occurs, is yet to be obtained. figure 2 ) may have resulted from sample-to-sample variation, which is commonly encountered with PCR artifacts. Another possibility is that the observed joints resulted from rare illegitimate recombination events that took place among the 15 copies of the integrated plasmid that would be unrelated to developmentally meaningful somatic recombination. Transgenes are generally unstable genetic elements, and short stretches of homology of one to five nucleotides at the junction are generally observed in illegitimate recombination (23) .
In summary, we suggest that it is premature to conclude whether or not developmentally meaningful somatic recombination occurs in the brain. However, a positive and interesting finding that emerged from our study (and possibly also from that of Matsuoka et al.) is that backward transcription in the brain can occur in a highly region-and neuron-specific manner. The physiological role of backward transcription is unknown, but in light of its remarkable tissue or organ specificity, it is possible that backward transcription may participate in the regulation of genes associated with a bidirectional promoter, including genes in CAGTG-3'), which constitute RSS-B, were annealed and then ligated to a Bam HI-Hind Ill fragment of plasmid pCH1 10 (Pharmacia, Piscataway, NJ) that contains lacZ. The ligation product was ligated into the Sal site of pUC19 to form the plasmid pAA14. A Sma l-Pst fragment of pAA14 was treated with T4 polymerase and then ligated into Bam HI-Pst I-digested and Klenow enzymetreated plasmid pKJ (containing the murine pgk-1 promoter, a gift from M. Rudnicki and M. McBurney) to form the plasmid pK14, in which IacZwas inserted in an orientation opposite to the pgk-1 promoter, and the plasmid p11, in which lacZwas inserted in the same orientation as the pgk-1 promoter. An Eco RI fragment of pK14 that contains the pgk-1 promoter was subsequently ligated into the Eco RI site of pAA14 to form pSPHI. Figure 2D illustrates one such section, in which counts were made of the cortex illustrated in B and C (lettered arrowhead in D). Blue (Pgalactosidase-positive) spots (Fig. 2) were counted in the same sections and sample sites. For numbers of neutral red cells, we obtained values of 333,000 to 833,000 cells per cubic millimeter. In order to compare our estimates to figures in the literature, we used the estimate of three neurons to one glial cell for rat (27) and, multiplying by 0.75, obtained an estimate of 250,000 to 625,500 neurons per cubic millimeter. These values are slightly higher but in the same order of magnitude as those in the literature for mouse neocortex (87,000 to 214,000 per cubic millimeter) (28) . We estimate that roughly 10% of the cortical cells were P-galactosidase-positive. Some neurons appeared to have more than one X-gal-stained spot associated with them ( Fig. 2) , and some neutral red-stained cells may have overlapped each other. However, even if we had reduced our estimate by an order of magnitude to take into account these potential sources of error, we still would have obtained a value of 1% of the cortical cells being p-galactosidase-positive.
14. To estimate the absolute sensitivity of the PCR assay used (Fig. 3, A and B Our recombination substrate contained the lacZ gene in reverse orientation with respect to a ubiquitous promoter from the P-actin gene, such that rearrangement results in 3-galactosidase (P-gal) expression (Fig. 1A) . In our construct, sufficient space was maintained in front of the lacZ gene to allow for flexibility of the recombination site, because the site specificity of recombination in the brain might not be as strict as in V(D)J joining in lymphocytes. In the transgenic mice, we found that not only lymphatic tissues but certain areas of the brain were stained blue with X-gal, a chromogenic substrate of P-gal (1 In addition to DNA inversion (Fig.  1A) , read-through transcription should be considered as a possible alternative mechanism for activating the reporter gene. We considered three possibilities for the readthrough of lacZ (Fig. 1, B to D) . One is the lo .p, 1, 1 r, .
